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Abstract
A group of Mira variables in the solar neighborhood show unusual spatial motion in the Galaxy. To
study this motion in much larger scale in the Galaxy, we newly surveyed 134 evolved stars off the Galactic
plane by SiO maser lines, obtaining accurate radial velocities of 84 detected stars. Together with the past
data of SiO maser sources, we analyzed the radial velocity data of a large sample of sources distributing in
a distance range of about 0.3 – 6 kpc in the first Galactic quadrant. At the Galactic longitudes between
20 and 40◦, we found a group of stars with large negative radial velocities, which deviate by more than
100 km s−1 from the Galactic rotation. We show that these deviant motions of maser stars are created
by periodic gravitational perturbation of the Bulge bar, and that the effect appears most strongly at radii
between corotation and outer Lindblad resonances. The resonance effect can explain the displacement of
positions from the Galactic plane as well.
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1. Introduction
Stellar OH and SiO maser sources are powerful probes
of Galactic structure and stellar evolution (Habing et
al 2006; Deguchi 2008). Radial velocity databases of
these sources are useful to investigate dynamical motions
of stars in the Galactic disk and Bulge (Izumiura et al.
1995; Sevenster et al. 2001; Deguchi et al. 2004; Fujii et
al. 2006). Because of a recent progress of studies of tidal
streams surrounding our Galaxy and in the solar neigh-
borhood (Belokurov et al. 2007; Grillmair 2009), one of
urgent issues in this field is to separate a Bulge-bar reso-
nance stream from tidal streams of relic dwarf galaxies in
the radial velocity data.
It has been known that the Galactic disk has two com-
ponents, thick and thin; the former has a thickness of
1 – 2 kpc involving metal-poor stars and kinematically
peculiar stars, while the latter has a thickness of about
300 pc involving young new populations. A hypothesis
that the thick disk is a relic of past merging processes has
been proposed for the origin of thick disk (Helmi et al.
1999; Navarro et al. 2004; Helmi et al. 2006).
Moving groups in the solar neighborhood have also been
known, and they are considered to be fossils keeping dy-
namical information of their birth. Two famous examples
are the Arcturus and Hercules groups of stars (Eggen
1996); the former is a group of metal poor stars with a
coherent spatial motion with a ∼ 100 km s−1 lag to the
Galactic rotation, and the latter is a stellar group with
a heterogeneous mixture of metal abundances and with
a smaller rotational lag. Spatial motions of these mov-
ing groups are well investigated optically based on the
Hipparcos (proper motions) and the RAVE (the radial
velocities) databases. However, these investigations have
a limitation of distance up to about 1 kpc due to lack of
proper motion data. Because of heterogenous metal abun-
dances of member stars, the origin of the Hercules stream
is attributed to a resonance of the bar-like Bulge (Bensby
et al. 2007). Feast & Whitelock (2000) investigated an
outward motion of short-period Mira variables near the
Sun, and attributed it to the resonance effect of the Bulge
bar.
In this paper, we reinvestigate the radial velocity data
of SiO maser sources toward the region of l = 20 – 60◦,
and −30< b< 60◦ (excluding the galactic plane, |b|< 3◦).
In this region, Deguchi et al. (2007) found a group of SiO
maser stars with large negative velocities (vLSR∼−70 km
s−1), which may be attributed to a resonance effect of the
Bulge bar or a relic streaming motion. However, the pre-
vious off-plane SiO search was aimed to find distant debris
stars such as those in the Sgr dwarf streams, the search
was somewhat shallow in depth except toward Sgr dwarf
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streams. Therefore, we have made a new sensitive obser-
vation by SiO maser lines toward the thick disk, and have
added more data in radial velocity database. Here, we an-
alyze kinematics of this SiO maser star stream, and test if
this stream is originated by the gravitational perturbation
of the Bulge bar.
2. Observational results
The observations were made with the 45m radio tele-
scope at Nobeyama in 2009 April and May by the SiO
J =1–0 v=1 and 2 transitions at 43.122 and 42.821 GHz,
respectively. Cooled HEMT receiver (H40) was used for
the 43 GHz observations with acousto-opt spectrometer
arrays with the 40 and 250 MHz bandwidths (velocity res-
olution of about 0.3 and 1.8 km s−1, respectively). The
overall system temperature was about 180 — 250 K for
the SiO observations depending on weather conditions.
The half-power beam width (HPBW) of the telescope was
about 40′′ at 43 GHz. The conversion factor of the an-
tenna temperature to the flux density was about 2.9 Jy
K−1. All of the observations were made by the position-
switching mode. Further details of observations using
the NRO 45-m telescope have been described elsewhere
(Deguchi et al. 2000).
The sample for SiO searches was chosen in the area
within 20◦<l<60◦ and |b|<45◦ (excluding |b|<3◦) by the
selection criteria which have been established well in the
past SiO surveys. The mid-infrared objects brighter than
3 Jy at 12 µm, and the color −0.5<C12[≡ log(F25/F12)]<∼
0.2 were selected from IRAS point source catalog (Joint
IRAS Science Working Group 1988), where F12 and F25
are the IRAS flux densities in the 12 and 25 µm bands,
respectively. The MSX bands C and E (Egan et al.
2003) were also consulted for the |b| <∼ 6◦ sources. Then,
we checked whether or not the MIR objects have a NIR
counterpart in the 2MASS catalog (Cutri et al. 2003) with
a customary selection criteria in our SiO maser searches
(Deguchi et al. 2004): K<9, andH−K>0.9 for an initial
sample. All the objects in the present sample have 2MASS
counterpart brighter than K =8.2 mag. These sources are
supposedly late-type (AGB or post-AGB) stars with cir-
cumstellar dust in a color-temperature range between 250
and 1000 K. Excluding previously observed objects, we fi-
nally selected about 150 candidates which satisfied above
criteria in this sky area. However, because of time restric-
tion of observations, we completed half of these sources,
for which we consumed all of the objects above F12=5 Jy.
Furthermore, we added bright objects for backup (for bad
weather condition), which involves slightly bluer sources
in H −K but not surveyed before. We added these addi-
tional objects to our results for completeness.
Observational results are summarized in tables 1 and
2 for SiO detection and no detection, respectively. The
observed spectra of the SiO J =1–0 v=1 and 2 transitions
are shown in figure 1a – 1e for the detections. Table 3
summarizes infrared properties of the observed sources.
For a distance measure, we use the corrected K magnitude
for interstellar and circumstellar reddening,
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Fig. 2. NIR and MIR color-magnitude diagrams.
Kc =K −AK/E(H −K)× [(H−K)− (H −K)0], (1)
where we use AK/E(H −K) = 1.44 and (H −K)0 = 0.5,
which is appropriate for M5III stars (Fujii et al. 2006).
The corrected Kc is listed at the 6th column in table 3.
A typical Mira star with a period of about 450 d located
at the Galactic center (distance of 8 kpc) without extinc-
tion has Kc = 6.43 (Glass et al. 1995). We will use this
value to estimate distances in the next section. Because
SiO maser stars are mostly miras, the period–Kc relation
[at 8 kpc; Glass et al. (1995)] gives a relatively smaller
dispersion of about 1 magnitude in average Kc for the
Bulge SiO maser stars [with an average period of ∼ 490d
± 130d ; see figure 3 of Deguchi et al. (2004)]. Because
the single-epoch 2MASS photometric magnitude may dif-
fer from the average value by about 1 magnitude [e.g.,
Figure 11 of Messineo eta l. (2004)], and furthermore
absolute K magnitude depends on the spectral type of a
star (Wainscoat et al. 1992), we deduce that the error in
distance in the present paper is a factor of more than 2.
Figure 2 shows the K – H −K and log(F12) – C12 di-
agrams for the observed sources. These panels show that
the color-selection criteria described above can extract the
SiO emitting objects quite effectively from the infrared
star catalogs. Figure 3 shows histograms of log(F12) and
Kc for the SiO detection and no detection. The SiO detec-
tion rate are quite high (∼80 %) for bright infrared objects
in F12 and Kc terms, but it decreases with decreasing in-
frared fluxes. BeyondKc> 5.5, no detection surpasses the
detection because of the large distance. These diagrams
show properties similar to those made in the previous sur-
veys in the Galactic plane (for example, Deguchi et al.
2004), and assure that the present survey off the Galactic
plane was made appropriately.
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Fig. 1. a. SiO J = 1–0 v = 1 and 2 spectra. The source name (Jhhmmssss format) and the observed date (yymmdd format) are
shown at the upper left of each panel.
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Fig. 1. b. SiO J = 1–0 v = 1 and 2 spectra. The source name (Jhhmmssss format) and the observed date (yymmdd format) are
shown at the upper left of each panel.
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Fig. 1. c. SiO J = 1–0 v = 1 and 2 spectra. The source name (Jhhmmssss format) and the observed date (yymmdd format) are
shown at the upper left of each panel.
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Fig. 1. d. SiO J = 1–0 v = 1 and 2 spectra. The source name (Jhhmmssss format) and the observed date (yymmdd format) are
shown at the upper left of each panel.
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Fig. 1. e. SiO J = 1–0 v = 1 and 2 spectra. The source name (Jhhmmssss format) and the observed date (yymmdd format) are
shown at the upper left of each panel.
8 Deguchi et al. [Vol. ,
0
5
10
15
20
25
0.20.40.60.811.21.41.6
SiO
no SiO
N
um
be
r
log (F
12
)
1.8
0
5
10
15
20
25
30
35
40
1.5 2.5 3.5 4.5 5.5 6.5
SiO
no SiO
N
um
be
r
K
c
Fig. 3. histograms of log(F12) and Kc for SiO detections and
no detections.
3. Discussion
3.1. Selection of the candidates in streaming
Figure 4 shows a longitude-velocity diagram for the SiO
sources found in this work (filled circles) and those in our
past SiO surveys (unfilled circles). We can see a consider-
able increase of SiO detections in this sky region. A large
vertical (velocity) spread of sources below l=17◦ in figure
4 is attributed to the Bulge stars. At l ∼ 17◦, there is a
gap in the spread of radial velocities. Beyond l= 18◦, the
velocity spread increases again. The lack of stars beyond
VLSR ∼ 50 km s−1 at the gap indicates that it is the edge
of the Galactic Bulge (at least, for the peanut-shape thick
Bulge with |b|> 3◦). Therefore, in this paper, we specially
pay attention to the sources with vLSR < 0 in the region
of l=18–40◦. Because the Galactic circular rotation gives
positive vLSR in the range l = 0–90
◦ (in the solar neigh-
borhood), it is hard to separate any streaming motions, if
present, at the vLSR > 0 side in this diagram. Note that
the stars on the solar circle fall on the vLSR =0 line in the
l-v diagram (if they circularly rotate around the Galactic
center with the circular velocity same as that of the Local
Standard of Rest). Two concentrations of the vLSR < 0
stars are seen in figure 4: one around l= 20–25◦, and an-
other l=30–40◦. Beyond l= 45◦, we also see a mild scat-
ter of stars with large negative velocities. However, at the
range beyond l= 45◦, the stars in the distant spiral arms
(D > 11 kpc at l = 45◦) fall outside the solar circle and
have the negative vLSR in the l-v diagram. Therefore, it is
more or less difficult to separate the streaming candidates
beyond l = 45◦ unless distances are accurately known.
For simplicity, we restrict the later discussion only to
the stars with large negative velocities (vLSR <∼ −40 km
s−1) in the longitude range between l = 18 and 40◦.
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Fig. 4. Velocity-longitude diagram of SiO maser sources at
|b| > 3◦. Filled and unfilled circles indicate the SiO sources
detected in this and the previous works, respectively. The
vertical dashed line at l = 17◦ indicates a gap of the velocity
spread (see text).
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Fig. 5. Velocity-longitude diagram (VGSR – l). Filled and
unfilled circles indicate the objects at high (|b|> 45◦) and low
(|b|< 45◦) galactic latitudes. The broken curves indicates the
vLSR = 0 line (figure 4) in the cases of |b| = 0
◦ (upper) and
45◦ (lower).
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Fig. 6. Positions of the SiO sources in the Galactic coordi-
nates. Filled and unfilled symbols indicate the deviant can-
didate and the usual disk star, respectively. The broken line
indicates a possible orbital locus if they are interpreted as a
debris stream (Deguchi et al. 2007).
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Fig. 7. Histogram of Kc (shaded) and K (unshaded).
However, it is not clear how to select the streaming can-
didates from usual stars with large random motion. To
make the separation as definitive as possible, and to min-
imize the effects due to Galactic longitudes and latitudes,
we made the plot (figure 5) by the velocity with respect
to the Galactic Standard of Rest (GSR), where
vGSR = vLSR+Vφ sin(l) cos(b). (2)
Here, we use the LSR rotational velocity around the
Galactic center, Vφ = 220 km s
−1. We apply, for the later
use, the standard solar motion of 20 km s−1 in the direc-
tion of R.A. = 18h00m00s and Dec.= 30◦00′00′′ (1900.0)
(radio definition) with respect to the Local Standard of
Rest and the Sun – Galactic-center distance of 8.0 kpc.
The two broken curves in figure 5 indicates the vLSR = 0
line in figure 4 in the cases of |b| = 0 (upper curve) and
45◦ (lower curve). For the current purpose of separat-
ing streaming candidates, we selected the stars under the
lower broken curve between l = 18 and 40◦ excluding the
objects with |b| > 45◦; the candidates are in two ellipses.
Figure 6 shows the sky positions of the candidates (filled
circle) and else (open circles) in the Galactic coordinates.
Because a boundary between the stars in random motion
and the stars in streaming is not clear at present, we have
chosen all the likely candidates, which are in the ellipses
in figure 5, and investigate the nature of this subsample.
In fact, we will see in the next section that all of these
objects are highly likely objects in a stream.
The distribution of these candidate stars in the sky is
shown in figure 6. It spreads widely in latitude (∼ 60◦),
but not much in longitude (∼ 20◦). Infrared properties of
these candidate stars are summarized in table 4. We cre-
ated the magnitude-color and color-color diagrams of the
candidates in near and middle-infrared bands (similar to
figure 2), and compared the distribution with that of non-
candidates. The candidates and noncandidates seem to
have no clear difference in distribution in these diagrams,
suggesting that the physical properties of the streaming
candidates are not very different from those of normal disk
SiO sources.
3.2. Kinematic property of the candidate stars and model
fittings
Figure 7 shows histograms of apparent and corrected
K magnitudes (K and Kc ) for the candidates. The his-
togram of Kc shows triple peaks, indicating that the can-
didates can be separated into three groups according to
their magnitudes: the bright group with Kc =−1 – 0, the
middle group with Kc = 1 – 4, and the faint group with
Kc > 4. Grouping into three may not be very meaning-
ful due to statistical errors. However, let us separate the
sample into three for convenience, and see if any useful
properties reveal.
Figure 8 shows a comparison of observed radial veloc-
ities with the model velocities. It shows a clear trend
that VGSR for the observed stars decreases with Kc. The
model velocity curve should have this tendency. Broken
curves in each panel indicate the velocity variation with
distance at l = 20, 30 and 40◦ for three different veloc-
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Fig. 8. Comparison of the velocity fittings for the diagram
of vGSR against Kc, where corrected magnitude, Kc, can be
converted to a distance, as shown in the upper axis. Open
and filled circles indicate the candidate SiO sources above
and below l = 30◦, and crosses indicate short-period miras
at 20 < l < 70◦ [ listed as Group 2 in Table 2 of Feast &
Whitelock (2000). Three broken curves in the upper panel
show plots of GSR velocities at l=20, 30 and 40◦ (from lower
to upper) for the Hercules stream stars with the most likely
velocity of (VR, Vφ)=(32 km s
−1,185 km s−1) at any radii.
The broken curves in the middle panel show plots of GSR
velocities at l = 20, 30 and 40◦ (from lower to upper) in the
model with the velocity field (VR, Vφ)=(75 km s
−1, 122 km
s−1) for short-period mira. The broken curves in the last
panel show the case by the velocity field calculated using a
damping bar potential (see in the text).
ity fields: the Hercules-stream (top panel), a short-period
blue miras (middle), and a weak-bar model (last).
Here, the Hercules stream has a spatial velocity vector
(U , V , W )LSR=(−31.8, −35.3, −0.8) in unit of km s−1 in
the Local Standard of Rest frame (Famaey et al. 2005),
where the U, V, and W axes are taken toward the Galactic
center, toward the direction of Galactic rotation, and to-
ward the Galactic north pole, respectively. Note that the
spatial motion of the Hercules stream is known only in
the solar neighborhood, and the extension of this stream
is not known. Therefore we assumed for simplicity that
the spatial velocities, VR and Vφ (rotational and outward
motions), are kept at any radii in the Galactic disk. The
brightest 3 stars (Kc< 2) in the top panel fall in the area
between two broken curves of l= 30◦ and 40◦. Therefore,
these stars can be associated with Hercules moving group.
However, the other fainter stars with Kc > 2 cannot be-
long to the same stream, if the given velocity field of
the Hercules stream is extended to large distances. The
Hipparcos catalog gives parallax and proper motion data
for 3 stars in table 4; two of them are in a brightest star
group. Calculated (U , V , W ) velocity components for
these two stars are compatible with the Hercules stream
velocity components, though one star has negative par-
allax so that we assumed the distance of 300pc from the
corrected K magnitude.
Middle panel of figure 8 shows a model fitting with a
velocity field with VR = 75 and Vφ = 122 km s
−1, which
have been proposed by Feast & Whitelock 2000 for short-
period blue miras in the solar neighborhood. This veloc-
ity field seems to fit the stars with Kc > 2 and l < 30
◦,
though it is not enough for the brightest stars withKc<3.
Feast & Whitelock (2000) explained the large deviation
of motion of short-period miras from the Galactic rota-
tion by oval orbits with large eccentricity produced near
the outer Lindblad resonance (OLR), and suggested that
their sample is a mixture of the stars with variety of or-
bital parameters.
Last panel of figure 8 shows a fit by the velocity field in-
fluenced by a Bulge bar. The velocity fields are calculated
on the basis of a weak-bar linear theory. A simple loga-
rithmic gravitational potential with a few percent defor-
mation due to bulge bar is utilized in the calculation; see
equation (3-77) in Binney & Tremaine (1987). The theory
gives a stellar orbit as a sum of two motions in a rotating
frame: an epicyclic motion, and an oscillating motion pro-
duced by a periodic force due to a Bulge bar. The latter
is regarded as a velocity field in the Galaxy uniquely de-
termined only by the bar gravitational potential, but the
former is determined by the initial conditions of stars and
therefore includes arbitrarily randomness. We calculated
the velocity field produced by the bar (the latter), and
plotted this in the last panel of figure 8. In order to avoid
too large deviations from the equilibrium position due to
the Lindblad and corotation resonances, we introduced a
damping constant of the bar potential for convenience,
and make the velocity field calculable at any radii in the
Galaxy (see Appendix 3 in detail). The parameters used
in our model is summarized in Table 5 [see details of the
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parameters in the more elaborate calculations of Habing
et al (2006)].
The last panel of Figure 8 indicates that the most dis-
tant, most deviant stars (objects in the lower-right part
of the panel), can be fit by the parameter ranges within
a standard bar model. A schematic diagram (shown in
figure 9) well explains why such a large deviation from
the Galactic rotation occurs. The periodic orbit produced
by the Bulge bar (in a rotational coordinate) is indicated
by the thick ellipse between outer Lindblad and corota-
tion radii. The star is located at the perigalacticon (small
filled circle on the ellipse) when the major axis of the bar
passes the guiding center of the rotating frame. Beyond
the corotation radius, the bar pattern speed (∼ 60 km s−1
kpc−1) is faster than the circular rotational speeds of the
stars in a standard model of the Galaxy bar; the periodic
orbit is always retrograde. The star moves to the fourth
quadrant of the ellipse (indicated by unfilled circle of fig-
ure 9) if the star concerned is located within 45 degree
after the bar passage. Taking the effect of prograde ro-
tation of the frame into account, the motion on the rest
frame (in GSR) results the star motion toward the Sun.
The magnitude of the velocity toward the Sun depends on
the location of the stars in the Galaxy; the separation of
the star from the bar major axis and the separation from
the corotation and OLR.
The weak bar theory provides a reasonable explanation
for the large negative velocities of the distant stars with
Kc = 3–5. However, we found that the parameter val-
ues of the standard model does not give any good fits
for brighter stars, which are located outside of the OLR.
On the periodic orbit (thin ellipse in figure 11), the star
comes at apogalacticon at the bar major-axis passage, and
moves to the second quadrant in the ellipse. The rota-
tional correction to the rest frame gives the star motion
receding from the Sun. Because this is an opposite sense
to the observation, we cannot get any good fit to the ve-
locities of bright stars and Hercules group of stars by this
model. Dehnen (2000) successfully explained the motion
of Hercules group of stars with the bar model, though he
assumed a slightly larger radius of the OLR (7.2 kpc).
The OLR radius, which is close to the solar circular ra-
dius, makes line-of-sight changes of objects at the solar
neighborhood dramatically, and the shear can produce
a bimodal velocity distribution function as made in his
model. In our calculation, we have neglected the effect
of epicyclic motion which acts as a random motion, and
introduced a suppression of resonances by decaying bar
potential. The smaller radius of OLR and the damping
assumption makes the computation simpler, but may lose
a strictness of calculations near the OLR. In addition, the
stellar orbits with large eccentricities are not involved in
the linearized theory. In summary, the velocity field cal-
culated on a basis of the weak-bar theory can give a good
physical insight, and explain the observed stellar velocities
for the distant stars reasonably well, though it is not for
the nearby stars. Furthermore, it is possible that the sam-
pling of nearest stars in the present sample is considerably
biased due to small number.
3.3. Motion perpendicular to the Galactic plane
Our data shows that the deviant group of 20 selected
stars spreads in latitude up to |b| ∼ 30◦, and the average
height (|z|) is 0.5 kpc. These stars may be considered as
members of the thick disk, which belong to older genera-
tions than members of thin disk. Binney (1981) consid-
ered the resonant excitation of star motion perpendicular
to the Galactic plane due to periodic perturbation by the
bar gravitational potential. This theory seems to explain
well the observed spread of deviant candidate stars in lat-
itude, at least qualitatively.
A basic equation describing the motion perpendicular
to the Galactic plane is written as [equation (9) of Binney
(1981)]
z¨+z{ν20+2q′Acos(κt+φ0)+2q′Bcos[2t(Ω−Ω0)]}=0,(3)
where q′A and q
′
B are constants determined by the or-
bital parameters of the epicyclic and forced motion on
the Galactic plane, respectively. Here, ν0 is a basic fre-
quency of oscillation in z-direction, which is determined
by the gravitational potential, and Ω and Ω0 are the angu-
lar speed (a circular rotation) at the guiding center, and
the bar pattern speed. Let us parametrize the constant
ν0 as
ν0 = uΩ. (4)
Here the parameter u describe the flatness of gravitational
potential (0 < u < 1). Because the value of u is not well
known for the case of our Galaxy, we assume u=0.5. The
value does not influence strongly on the later discussion.
The resonance excitation occurs when
ν0 = nκ/2, or (5)
ν0 = n(Ω−Ω0), (6)
where n is an integer. Using equation (4), above condi-
tions can be rewritten for the Galaxy model with a flat-
rotation-curve as
u= n/
√
2, or (7)
Ω = Ω0/[1+ u/(2n)]. (8)
Because the first condition is satisfied only for a special
potential parameter, we can neglect the z resonance on the
epicyclic motion in our Galaxy. Because Ω < Ω0 beyond
the corotation radius, the second condition can be satis-
fied at various n near the corotation radius, for example,
at radii 1.25 , 1.13, etc. times corotation radius. These
resonant radii are approximately 4–5 kpc in our Galaxy.
The star develops large oscillations perpendicular to the
equatorial plane in a time scale of 10 rotational periods
due to resonant coupling (Binney 1981). Therefore, the
observed displacement of maser sources from the Galactic
plane seem to be consistent with the resonant coupling
theory.
3.4. Further considerations
Though it is less likely, we investigated a possibility that
these deviant stars are a part of a tidal stream of a dis-
rupting dwarf galaxy. If it is a relic stream, these stars
12 Deguchi et al. [Vol. ,
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Fig. 10. Stellar orbits in a logarithmic potential (a face-on
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lines indicate stellar orbits with different angular momenta.
The cross mark shows the center of the model galaxy. Unlike
1/r potential, the orbit has a smaller curvature inside, but a
strong deflection at outer part.
must be aligned on a single locus orbiting our Galaxy. We
have tried to fit the star positions and their radial veloci-
ties with a single orbit by a model gravitational potential
with a flat rotation curve (without influence of a Bulge
bar). However, we could not obtain any reasonable fits
which satisfy both positions and radial velocities within
allowable uncertainties in distance. The main reason is
that the observational tendency of decreasing radial ve-
locity with distance between ∼ 0.3–6 kpc (as shown in
figure 8) is hard to realize with any orbits in the assumed
gravitational potential [∼ log(r)]. Unlike the 1/r poten-
tial, the orbital locus becomes more or less straight for
stars near the corotation radius (see Figure 10) when the
orbit is eccentric in the potential with a flat rotation curve.
To have very small vGSR near corotation radius (∼ 4 kpc)
as observed, the star must move in the direction perpen-
dicular to the line of sight. To make a continuos locus
of orbit from outer side to inside, the orbit must have a
large curvature at the inside, which cannot make in the
assumed potential.
Moreover, the deviant stars have infrared properties
similar to those of usual disk SiO maser stars. Therefore,
we deduce that the age and mass distributions of the de-
viant group are not very different from those of usual disk
maser stars. The ages of these maser stars, which are
at the AGB phase of stellar evolution, are deduced to be
roughly a few Giga yr (for an initial mass of 1.5–2 M⊙;
Feast 2009). The stars experience the periodic varia-
tion of gravitational potential by the Bulge bar typically
10 times after their birth (∼ 2 Gyr). This time scale is
enough for these stars to be deviant from the Galactic ro-
tation. Possibly, a short-period blue miras are more aged
than average maser/infrared stars, so that the periodic os-
cillation of the Bulge bar potential appears to affect their
motions more severely.
Though we have not completely consume all the possi-
ble orbits of tidal streams, we think that the deviant group
of stars at various distances must comprise of different or-
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bits, which may be a result of periodic perturbation by the
Bulge bar. Therefore, all of these considerations support
that the origin of the deviant motions of maser sources is
a periodic perturbation of gravitational potential due to
the Bulge bar.
4. Conclusion
We detected 84 out of 134 infrared objects off the
Galactic plane by the SiO J=1–0 v=1 or 2 lines. Some of
these objects exhibit large negative radial velocities partic-
ularly at l= 20 – 40◦, where the Galactic rotation should
give positive ones. Their distribution is scattered in the
latitude range ∆b ∼ 60◦. This negative velocity group of
stars spreads between 0.3 kpc to 6 kpc in distance. It is
possible to interpret that the brightest part of this deviant
group is the Hercules stream of stars found in the solar
neighborhood, and slightly distant part of this group as a
part of outward flow found in short-period mira, both of
which have been explained by the resonance effect of the
Bulge bar. Though our simple calculation of the velocity
field based on weak bar theory cannot fit the velocities
of the nearest group of selected stars, it successfully ex-
plains the large negative-velocity stars located between
the outer Lindblad and corotation resonances. We have
also shown that the resonant coupling due to the periodic
perturbation of the Bulge bar can create the star motion
perpendicular to the Galactic plane near the corotation
resonance. These facts strongly suggest that the deviant
group of stars is produced by the gravitational perturba-
tion of the Bulge bar.
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Appendix. 1. Individually interesting objects
• J12370691-1731319 (=T Crv): This is an M6 mira
with a period 389d (Williams et al. 2004) at high
Galactic latitude (b= 45◦). A previous water maser
search gives a negative result (Lewis 1997). We
detected a strong SiO J = 1-0 v = 1 line but with
no noticeable v = 2 emission. The very low v =
2/v = 1 intensity ratio and blue IRAS color (C12 =
−0.37) of this star fit well with the correlation of
this ratio with the IRAS color which was found by
Nakashima & Deguchi (2007). Volk et al. (1991)
classified the IRAS LRS spectrum of this object as
featureless (”F”).
• J12583891+2308215 (=T Com): A previous SiO
maser search for this object was negative (Nyman
et al. 1986). OH masers have been detected by
Nguyen-Q-Rieu et al. (1979) at vLSR = 9 and 23
km s−1. A later observation (Chengalur et al. 1993)
found the 1612 MHz emission at vLSR = 23.2 and
34.1 km s−1, giving the average stellar velocity 28.7
km s−1, which is consistent with the SiO radial ve-
locity at 27.8 km s−1 in this paper. H2O masers
have been detected by Kleinmann et al. (1978) at
25.3 and 27.6 km s−1,
• J15591138+1939570 (=V336 Ser): This star ex-
hibits featureless IRAS LRS spectrum (LRS class
13), and Guglielmo et al. (1997) classified this ob-
ject as an M-type star. The detection of SiO masers
of this star secures the oxygen richness of this star.
• J18205487+5031432 (=EO Dra = IRAS
18196+5030): This is an M7 star at high dec-
lination. The IRAS LSR spectrum of this star
shows a strong 10 µm silicate emission giving
an LRS class of 26. Sharples et al. (1995) made
spectroscopic observation of this star deriving the
radial velocity of vHelio ∼ −17 km s−1 from the
TiO band profile, which agrees well with the SiO
maser velocity vLSR = −1 km s−1 in this paper.
No reference of the previous radio observation was
found for this star.
• J18213513+8238388 (IRAS 18276+8236): This is
a relatively bright infrared source located closely to
the celestial north pole. This objects exhibits strong
10 µm silicate emission (LSR class 29; Olnon et al.
1986). Cohen & Kuhi (1977) identified this IR ob-
ject (AFGL 2171) to an M7III star. Radio searches
for molecular lines had been negative (Zuckerman et
al. 1978; Dinger et al. 1979; Nyman et al. 1992).
We detected SiO masers at vLSR = −27 km s−1 for
the first time.
• J19233466+0037583 (V850 Aql =IRAS
19210+0032): This s a D-type symbiotic star
(Phillips 2007) with Hα emission (Allen & Glass
1974). This star was originally misclassified as a
planetary nebula, but was corrected later (Sabbadin
1986; Acker et al. 1987). Searches for radio con-
tinuum emission at 5 and 14 GHz were made with
negative results (Aaquist & Kwok 1990). No OH
or H2O maser search was made. We detected SiO
masers in this star for the first time.
• J19340281+0926061 (IRAS 19316+0919): Engels &
Lewis (1996) detected H2O masers at VLSR = 78.5
km s−1. OH 1612 MHz maser was a single peak de-
tection at vLSR = 76.4 km s
−1, and OH main lines
were not detected (Lewis 1997). We detected SiO
masers at VLSR = 92 km s
−1, establishing an accu-
rate stellar velocity for this object.
Appendix. 2. Water maser observations
We also observed a few objects by the 22.235 GHz
H2O maser lines with the Nobeyama 45m telescope during
the same period of SiO observations as a backup for bad
weather condition. Though the H2O maser observations
are limited, interesting objects are involved. The HEMT
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Fig. 11. H2O maser spectra for the detected sources.
22GHz receivers was used for observations and the con-
version factor of antenna temperature to flux density is
about 3.0 Jy/K. We have detected 3 objects. The line
parameters of the H2O masers are given in table 6, and
the line profiles are given in figure 11.
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Appendix. 3. Theory of star motion in a weak bar potential
In a frame rotating with angular speed Ω, two-dimensional equations of motion for a test particle moving in the
Galactic plane are written as
x¨ = 2Ωy˙ − ∂Φ/∂x + Ω2x (9)
y¨ =−2Ωx˙ − ∂Φ/∂y + Ω2y (10)
where Φ is a gravitational potential (see Binney & Tremaine 1987) and the origin of the coordinates is taken at the
center of the Galaxy. For a weak bar-like potential with m-fold symmetry, the gravitational potential can be written
as
Φ = Φ0(r) + Φ1(r)cos{m[θ− (Ω0−Ω)t]} (11)
where Ω0 is the pattern speed of a bar, and θ is the angle of the particle position vector from the x-axis in the rotating
frame. In this paper, we only consider a case of a weak bar potential, where the effect due the second term is small
compared with the first term, i.e., |Φ1(r)|≪ |Φ0(r)|, and m=2. The angular rotation speed of the frame is determined
by the balance of centrifugal force with the 0th-order gravitational attraction,
Ω2r0 = (∂Φ0/∂r)|x=r0,y=0 (12)
Putting small deviations of the particle position from the equilibrium position (x0 = r0, y0 = 0)
x1 = x− x0 (13)
y1 = y− y0, (14)
we obtain
x¨1 = 2Ωy˙1 + x1[Ω
2− ∂2Φ0/∂r2|x=r0 ] − ∂Φ1/∂r|x=r0cos(mΩ1t) (15)
y¨1 =−2Ωx˙1 − Φ1|x=r0msin(mΩ1t)/r0 (16)
in the first order approximation, where Ω1≡Ω0−Ω. For the case of a galaxy with a flat rotation curve, the gravitational
potential can be written as
Φ0(r) = (v
2
0/2)ln(a
2+ x2+ y2) (17)
where v0 is a circular rotation velocity of a particle (constant) and a is a core radius. The bar potential is often
approximated (e.g., Habing et al 2006) as
Φ = (v20/2)ln[a
2+ x2(1− ǫ)+ y2(1+ ǫ)]. (18)
We set the bar potential Φ1(r) as close as to the first order term in ǫ of the above equation,
Φ1(r) =−ǫv20r2/(a2+ r2). (19)
In such an approximation, we finally have equations of motion as
x¨1 = 2Ωy˙1 + (4Ω
2− κ2)x1 + Bxcos(mΩ1t) (20)
y¨1 =−2Ωx˙1 + Bysin(mΩ1t), (21)
where
Bx =−∂Φ1/∂r|x=r0 = 2ǫv20r0 a2/(a2+ r20)2 (22)
By =−mΦ1|x=r0/r0 = mǫv20r0/(a2+ r20), (23)
and
κ2 ≡ 3Ω2+ ∂2Φ0/∂r2|x=r0 = 2Ω2 (24)
In the case of decaying bar potential, we use
ǫ= ǫ0 exp(−γt), (25)
where ǫ0 is a constant. Note that the equations of motion (20) and (21) are linear with respect to x1 and y1 with
additional forced oscillating terms. These equations have a general solution of linear combination of epicyclic and
forced-oscillation terms,
x1 =Axcos(κt+φ)+Ex(t)exp(−γt) (26)
y1 =Aysin(κt+φ)+Ey(t)exp(−γt), (27)
where the epicyclic terms must satisfy the following condition
16 Deguchi et al. [Vol. ,
Ay = 2(Ω/κ)Ax, (28)
and Ax (or Ay) and φ are arbitrary constants determined by the initial condition, and the forced oscillation terms are
expressed as
Ex(t) = [(NxcxBx+NxcyBy)cos(mΩ1t)+ [(NxsxBx+NxsyBy)sin(mΩ1t)]/dxy (29)
Ey(t) = [(NycxBx+NycyBy)cos(mΩ1t)+ [(NysxBx+NysyBy)sin(mΩ1t)]/dxy. (30)
Here, the denominator is calculated as
dxy = [(mΩ1− κ)2+ γ2][(mΩ1+ κ)2+ γ2](m2Ω21+ γ2)2, (31)
and the terms in numerators are written as
Nxcx =−(m2Ω21+ γ2)2(m2Ω21− κ2− γ2), (32)
Nxcy = 2mΩΩ1(m
2Ω21+ γ
2)(m2Ω21− κ2− 3γ2), (33)
Nxsx =−2γmΩ1(m2Ω21+ γ2)2, (34)
Nxsy = 2γΩ(m
2Ω21+ γ
2)(3m2Ω21− κ2− γ2), (35)
Nycx =−2γΩ(m2Ω21+ γ2)(3m2Ω21− κ2− γ2) (36)
Nycy = 2γmΩ1(m
4Ω41+8m
2Ω2Ω21− 2κ2m2Ω21
+2γ2m2Ω21− 4κ2Ω2− 8γ2Ω2+ κ4+2γ2κ2+ γ4), (37)
Nysx = 2mΩΩ1(m
2Ω21+ γ
2)(m2Ω21− κ2− 3γ2), (38)
Nysy =−m6Ω61+(2κ2− γ2− 4Ω2) m4Ω41
+[(4κ2+24γ2)Ω2− κ4− 4γ2κ2+ γ4] m2Ω21
+(−4γ2κ2− 4γ4)Ω2+ γ2κ4+2γ4κ2+ γ6. (39)
The denominator, dxy, is always positive at the Lindblad- and corotation-resonance radii (i.e., m
2Ω21 − κ2 = 0 and
Ω1 = 0), when the damping term (|γ| > 0) is introduced. Therefore stellar orbits are calculable at any radii as far
as the deviation from the equilibrium position is small. Note that the cross terms, Nxsx, Nxsy, Nycx, and Nycy are
proportional to γ. When |γ| is much smaller than |Ω1|, these terms are negligible and the major axis of the elliptic
orbit is oriented perpendicularly to the radial direction (as shown in Figure 9). However, near the resonance, these
terms influence to the orientation of the elliptic orbit such as the major axis of the orbit is slightly inclined toward
the radial direction of the Galaxy. This effect produces larger observed radial velocities of stars near the resonant
position. It is well known in the limit of γ = 0 that the amplitude terms in equations (29) and (30) change sign when
the equilibrium position crosses the Lindblad-resonances. Therefore, the phase of the particle in the elliptic orbit due
to forced oscillation varies by 180 degree at the resonance (see Figure 9). However, this sudden change is moderated
in the damping model, causing a cycling shape of the curves near the outer Lindblad resonance as shown in the last
panel of Figure 8.
It is believed that bars in the gas-rich spirals are short lived (e.g., Bournaud et al. 2005). Furthermore, the effect
of a triaxial halo, or a central massive blackhole may also destroy the bar within a Hubble time scale (Ideta &
Hozumi, 2005; Hozumi & Hernquist 2005). Therefore, the decaying (or growing) bar model presented in this paper
well facilitates to investigate stellar orbits near resonances in the Galaxy.
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Table 1. Observational results of SiO Masers.
SiO J = 1–0 v = 1 line SiO J = 1–0 v = 2 line
2MASS name Ta Vlsr L.F. rms Ta Vlsr L.F. rms obs. date
(K) (km s−1) (K km s−1) (K) (K) (km s−1) (K km s−1) (K) (yymmdd.d)
J12370691− 1731319 1.473 −33.5 3.113 0.051 ... ... ... 0.041 090531
J12583891+ 2308215 2.078 27.8 5.549 0.055 1.264 27.8 4.323 0.046 090531
J15284369+ 0349430 6.648 44.2 11.289 0.082 4.822 44.2 12.526 0.071 090529
J15591138+ 1939570 1.017 14.6 2.618 0.078 0.707 14.7 2.191 0.067 090531
J16122976+ 2453570 1.651 −16.8 5.091 0.083 1.401 −15.6 3.902 0.066 090531
J16292643− 1920509 1.259 −9.2 4.769 0.084 0.482 −7.0 2.384 0.073 090529
J16510590+ 1020515 4.213 19.4 17.956 0.103 2.992 19.4 10.998 0.094 090531
J16524821+ 0524269 2.096 −46.3 9.523 0.058 0.668 −52.4 3.231 0.050 090529
J16534478+ 4857022 3.951 16.8 11.554 0.129 2.703 16.6 8.947 0.104 090531
J17210403+ 2655505 3.114 25.8 14.033 0.178 0.892 25.8 0.814 0.161 090530
J17312879+ 3229525 1.278 −24.8 7.159 0.112 1.160 −24.8 3.926 0.998 090530
J17331391+ 0820390 0.467 8.1 1.243 0.132 0.655 8.0 1.167 0.109 090417
J17364445+ 1051070 1.781 −55.3 5.434 0.208 2.074 −55.4 5.241 0.175 090530
J18000391+ 2335371 1.310 3.3 3.068 0.123 0.727 3.8 0.955 0.105 090530
J18024911− 0632355 0.217 −39.1 0.290 0.062 0.267 −38.6 0.506 0.049 090601
J18080907− 0649058 1.097 −50.4 2.094 0.227 1.147 −50.4 2.294 0.186 090417
J18102890− 0237427 0.678 65.3 1.819 0.080 0.494 66.0 2.652 0.080 090419
J18105856+ 0753085 ... ... ... 0.103 0.561 −64.1 1.217 0.082 090530
J18110144− 0142340 0.440 63.1 2.012 0.080 0.376 61.4 1.265 0.070 090531
J18120477− 0607247 0.265 120.7 0.595 0.043 0.247 120.5 0.767 0.038 040529
J18155756+ 0120106 0.543 21.3 3.232 0.089 0.358 21.6 2.483 0.068 090417
J18162782− 0425247 2.177 57.7 4.115 0.288 2.086 58.6 3.711 0.239 090417
J18170265− 0720564 0.434 −10.8 1.432 0.073 0.338 −10.9 1.344 0.066 090418
J18192465− 0439593 0.214 1.0 1.262 0.046 0.159 −1.9 0.995 0.047 090418
J18193355+ 0354498 0.166 49.4 0.377 0.055 0.207 49.8 0.544 0.050 090418
J18203449− 0342095 0.805 21.4 1.192 0.089 0.674 21.2 2.025 0.085 090418
J18205487+ 5031432 2.184 −0.7 5.533 0.160 1.365 −1.0 3.410 0.146 090531
J18212420+ 0229022 0.309 18.3 1.262 0.065 0.371 21.6 1.647 0.065 090418
J18213513+ 8238388 1.168 −27.0 3.210 0.123 0.583 −26.6 1.756 0.104 090531
J18213854− 0355447 0.581 71.5 3.090 0.080 0.593 72.8 2.598 0.069 090529
J18223249− 0305115 0.470 55.9 1.111 0.078 0.381 55.7 0.589 0.069 090418
J18231986+ 0929569 0.597 −14.4 1.514 0.058 0.613 −15.3 1.174 0.056 090418
J18250570− 0032320 0.517 99.1 1.762 0.069 0.381 99.1 1.896 0.064 090418
J18253335+ 0856472 0.326 −7.6 0.900 0.052 0.200 −7.6 0.902 0.045 090529
J18264298− 0024486 0.282 125.0 0.876 0.056 0.192 124.8 0.839 0.048 090531
J18274403+ 0025128 0.962 99.6 2.578 0.153 0.833 100.1 2.022 0.118 090417
J18302847+ 0523383 0.712 28.3 2.580 0.124 0.595 28.4 1.606 0.096 090417
J18331997+ 0425410 0.980 73.1 3.135 0.093 0.643 72.2 2.872 0.077 090531
J18354242+ 0905384 1.006 51.4 2.662 0.072 0.895 51.3 2.440 0.068 090418
J18364611+ 0845469 0.989 −9.7 2.518 0.105 0.630 −9.8 2.140 0.093 090531
J18384242+ 0541298 0.652 40.8 2.482 0.102 0.604 41.5 2.251 0.080 090531
J18420916+ 0801180 0.303 −96.4 0.564 0.057 0.410 −97.1 1.882 0.064 090418
J18454767− 1148074 0.983 102.6 1.449 0.067 0.958 102.4 2.168 0.090 090418
J18501116− 1007570 0.329 55.2 1.952 0.056 0.218 46.6 1.187 0.049 090601
J18512520+ 1202084 0.386 35.2 1.250 0.067 0.367 36.1 1.531 0.060 090418
J18523817+ 1733113 0.264 97.7 1.179 0.056 0.125 95.9 0.317 0.048 090531
J18524262− 0951445 0.339 108.0 1.047 0.081 ... ... ... 0.070 090601
J18530987− 1329244 0.599 85.0 1.725 0.070 0.399 87.2 1.079 0.399 090417
J18550366− 1328438 0.437 29.3 1.322 0.078 0.447 26.8 0.882 0.066 090601
J18554765− 1415207 0.650 83.1 1.498 0.082 0.338 83.6 0.547 0.069 090601
J18572211− 0831208 ... ... ... 0.084 0.320 47.6 1.020 0.081 090418
J18572648+ 1349096 0.566 76.2 0.523 0.130 ... ... ... 0.105 090417
J18575917+ 1413196 0.500 86.2 1.303 0.103 0.551 86.6 0.985 0.093 090418
J18594368− 0924127 0.576 39.7 1.010 0.131 0.450 41.5 0.519 0.129 090418
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Table 1. (Continued.)
SiO J = 1–0 v = 1 line SiO J = 1–0 v = 2 line
2MASS name Ta Vlsr L.F. rms Ta Vlsr L.F. rms obs. date
(K) (km s−1) (K km s−1) (K) (K) (km s−1) (K km s−1) (K) (yymmdd.d)
J19004752− 0742491 0.273 84.7 0.681 0.083 ... ... ... 0.073 090419
J19010471− 1050004 0.376 28.1 1.487 0.089 0.442 28.3 1.614 0.080 090419
J19010944+ 1538566 0.738 24.3 1.800 0.086 0.340 24.2 1.316 0.076 090530
J19012574− 0529398 1.014 87.3 3.152 0.096 0.569 87.3 1.694 0.081 090419
J19020569− 1236483 0.430 −21.4 1.058 0.068 0.432 −20.7 1.280 0.061 090530
J19024407− 0611124 0.538 95.6 0.688 0.083 0.337 95.3 0.422 0.075 090419
J19050061+ 2310298 0.486 −23.1 2.548 0.084 0.732 −21.0 2.427 0.077 090419
J19054911− 1212243 1.253 −16.8 3.917 0.123 0.979 −16.4 3.563 0.114 090419
J19062439− 1509534 0.990 −48.7 2.833 0.114 1.088 −48. 2.997 0.099 090601
J19074038− 0515161 0.415 99.0 0.574 0.063 ... ... ... 0.056 090601
J19085920− 1510032 1.315 46.7 2.900 0.107 0.761 46.7 1.289 0.761 090419
J19090454+ 2939292 3.692 −13.4 10.319 0.105 2.520 −12.8 5.419 0.091 090530
J19094939− 0804034 0.333 30.0 0.991 0.059 0.251 30.8 0.678 0.056 090601
J19111079− 0227493 0.481 51.2 1.379 0.066 0.213 52.1 0.675 0.055 090601
J19211169+ 0320578 0.283 −21.1 0.683 0.064 0.333 −23.3 0.785 0.064 090419
J19233466+ 0037583 1.674 26.1 4.442 0.128 1.143 26.3 1.085 0.115 090419
J19234517+ 7141137 3.018 13.7 8.656 0.189 5.438 14.3 15.792 0.169 090531
J19240522− 0722442 0.589 31.2 1.061 0.116 0.495 31.3 1.030 0.100 090531
J19340281+ 0926061 0.367 92.2 0.974 0.097 0.431 91.9 2.237 0.090 090419
J19341153+ 1958285 1.616 45.5 5.349 0.124 1.480 46.0 4.511 0.101 090531
J19360670+ 0945041 0.811 17.5 1.919 0.112 0.586 17.3 1.512 0.093 090531
J19433804+ 1403158 1.177 28.3 2.897 0.151 0.630 28.5 1.648 0.098 090601
J19444164+ 0513039 0.618 34.8 1.674 0.096 0.441 36.4 1.012 0.090 090419
J19464724+ 1549014 0.322 56.7 0.752 0.064 0.331 56.9 0.852 0.058 090601
J19510953+ 1354375 0.932 40.7 1.566 0.099 0.468 39.7 1.079 0.087 090419
J19542885+ 1943430 3.802 66.7 7.192 0.162 3.300 66.7 7.487 0.138 090419
J20003856+ 1331331 0.975 −25.8 3.096 0.166 0.489 −25.0 1.638 0.122 090530
J20042163+ 1748345 0.734 28.1 1.746 0.091 0.445 27.3 1.734 0.080 090419
J20120916+ 1116516 0.867 −13.8 2.811 0.109 0.753 −13.9 2.735 0.096 090419
J20172312+ 1718459 0.614 5.2 1.101 0.093 0.566 5.0 1.228 0.092 090419
J20292219+ 1311116 0.973 24.1 3.790 0.107 0.102 24.2 2.699 0.071 090419
Table note: ”Ta” is the antenna temperature at the intensity peak.
”Vlsr” is the radial velocity in the Local Standard of Rest frame.
”L.F.” is the integrated line intensity.
”rms” is the root mean square of the noise level.
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Table 2. negative results.
SiO v=1 SiO v=2
2MASS name rms rms obs. date
(K) (K) (yymmdd.d)
J16322460− 1312013 0.093 0.079 090531
J16521876− 1830343 0.103 0.088 090531
J17171484− 0230186 0.059 0.049 090529
J17551370+ 1143462 0.074 0.062 090529
J18042450− 0802252 0.083 0.078 090419
J18135847− 0815296 0.072 0.080 090418
J18182494− 0331378 0.177 0.141 090531
J18240372+ 0636258 0.143 0.118 090417
J18243205− 0132065 0.069 0.057 090529
J18270226− 0106095 0.152 0.131 090530
J18275079+ 0752206 0.072 0.064 090418
J18283699+ 0936501 0.104 0.084 090531
J18294430+ 0104534 0.072 0.080 090418
J18295773+ 0114056 0.071 0.061 090530
J18414435+ 0802164 0.085 0.075 090531
J18421582+ 0731314 0.075 0.667 090418
J18431907+ 0733137 0.067 0.059 090418
J18465164− 1157048 0.081 0.075 090418
J18495300− 1104202 0.084 0.069 090601
J18530734− 1155310 0.194 0.164 090417
J18562524− 0744227 0.109 0.119 090418
J18574985+ 2031371 0.361 0.296 090417
J19030151+ 1656312 0.093 0.080 090531
J19034074− 1409330 0.097 0.091 090419
J19060940+ 1738007 0.084 0.072 090531
J19062416+ 1739313 0.053 0.047 090530
J19102783− 1541355 0.066 0.056 090601
J19105141− 0328410 0.119 0.099 090419
J19134664− 0326081 0.118 0.107 090419
J19141725− 0850549 0.074 0.064 090419
J19145484− 0225287 0.104 0.087 090530
J19173939− 1322488 0.082 0.071 090531
J19181178− 0721437 0.071 0.061 090601
J19182271− 0242108 0.116 0.102 090419
J19222258− 1418050 0.100 0.098 090419
J19265373− 0104251 0.110 0.100 090419
J19410829+ 0202312 0.084 0.084 090531
J19433664+ 1049180 0.118 0.102 090531
J19483842+ 2759358 0.076 0.060 090530
J19492572+ 0231306 0.115 0.093 090530
J19552508+ 0156036 0.121 0.098 090601
J19553800− 0018428 0.122 0.105 090530
J19554049+ 1805361 0.089 0.076 090419
J19595639+ 1151450 0.128 0.111 090531
J20030250+ 0544166 0.091 0.076 090419
J20075461+ 1842544 0.089 0.084 090419
J20080544+ 1516428 0.105 0.088 090531
J20571628+ 0258445 0.056 0.060 090601
Table note: ”rms” is the root mean square of the noise level.
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Table 3. Infrared properties of the observed sources.
2MASS name l b K∗ H −K Kc IRAS F12 C12 v(SiO)♯
(◦) (◦) (Jy) (km s−1)
J12370691− 1731319 298.083 45.211 2.598 0.765 2.216 12345−1715 34.50 −0.373 −33.5
J12583891+ 2308215 325.571 85.690 3.270 0.736 2.930 12562+2324 33.70 −0.233 27.8
J15284369+ 0349430 8.103 45.840 3.364 0.858 2.848 15262+0400 46.20 −0.175 44.2
J15591138+ 1939570 33.459 46.526 3.449 0.664 3.213 15569+1948 10.60 −0.433 14.6
J16122976+ 2453570 41.919 45.074 2.789 0.700 2.501 16103+2501 17.40 −0.321 −16.2
J16292643− 1920509 357.592 19.667 2.381 0.689 2.109 16265−1914 28.90 −0.385 −8.1
J16322460− 1312013 3.227 22.945 4.132 0.604 3.982 16296−1305 9.88 −0.216
J16510590+ 1020515 28.565 31.385 3.023 0.652 2.804 16487+1025 10.50 −0.353 19.4
J16521876− 1830343 1.790 15.928 3.698 0.740 3.352 16494−1825 3.28 −0.320
J16524821+ 0524269 23.691 28.777 3.020 0.650 2.804 16503+0529 20.40 −0.276 −49.3
J16534478+ 4857022 75.428 39.124 2.938 0.774 2.543 16524+4901 16.80 −0.303 16.7
J17171484− 0230186 19.371 19.590 5.786 0.772 5.394 17146−0227 2.36 −0.153
J17210403+ 2655505 49.629 30.754 2.450 0.711 2.146 17190+2658 33.30 −0.310 25.8
J17312879+ 3229525 56.557 30.105 2.956 0.731 2.623 17296+3231 29.40 −0.361 −24.8
J17331391+ 0820390 31.591 21.153 7.726 2.078 5.454 17308+0822 12.00 0.021 8.1
J17364445+ 1051070 34.420 21.452 3.134 0.698 2.849 17343+1052 37.60 −0.360 −55.3
J17551370+ 1143462 37.298 17.715 6.345 0.818 5.887 17528+1144 4.80 −0.184
J18000391+ 2335371 49.353 21.334 2.940 0.819 2.481 17579+2335 62.70 −0.243 3.5
J18024911− 0632355 21.477 7.713 5.468 0.870 4.935 18001−0632 4.51 −0.157 −38.8
J18042450− 0802252 20.343 6.649 5.465 0.786 5.053 18016−0802 5.94 −0.324
J18080907− 0649058 21.870 6.418 4.941 0.990 4.235 18054−0649 10.60 −0.118 −50.4
J18102890− 0237427 25.870 7.881 7.663 2.156 5.278 18078−0238 7.52 −0.010 65.7
J18105856+ 0753085 35.444 12.556 4.220 0.776 3.823 18085+0752 21.70 −0.219 −64.1
J18110144− 0142340 26.755 8.190 5.081 0.940 4.447 18084−0143 3.15 −0.331 62.2
J18120477− 0607247 22.950 5.888 4.787 0.859 4.270 18094−0608 6.49 −0.112 120.6
J18135847− 0815296 21.285 4.464 5.009 0.793 4.587 18112−0816 6.06 −0.149
J18155756+ 0120106 30.061 8.501 4.436 0.771 4.046 18134+0119 13.80 −0.238 21.5
J18162782− 0425247 24.974 5.723 5.960 1.499 4.521 18138−0426 20.40 0.013 58.2
J18170265− 0720564 22.449 4.223 6.654 1.131 5.745 18143−0722 5.42 −0.158 −10.9
J18182494− 0331378 25.999 5.710 5.745 0.954 5.091 18157−0332 4.91 −0.273
J18192465− 0439593 25.103 4.960 8.060 2.031 5.855 18167−0441 7.55 −0.066 −0.4
J18193355+ 0354498 32.797 8.872 8.763 2.303 6.167 18170+0353 5.58 −0.082 49.6
J18203449− 0342095 26.095 5.152 4.489 0.835 4.007 18179−0343 5.15 −0.326 21.3
J18205487+ 5031432 78.759 25.285 3.224 0.723 2.903 18196+5030 27.00 −0.321 −0.9
J18212420+ 0229022 31.720 7.814 5.897 1.087 5.052 18188+0227 5.87 −0.273 20.0
J18213513+ 8238388 114.678 27.842 3.029 0.941 2.394 18276+8236 44.70 −0.175 −26.8
J18213854− 0355447 26.018 4.811 5.643 0.913 5.048 18189−0357 4.53 −0.161 72.2
J18223249− 0305115 26.871 5.003 6.132 1.503 4.688 18199−0306 9.43 −0.022 55.8
J18231986+ 0929569 38.293 10.523 4.584 0.838 4.097 18209+0928 9.88 −0.139 −14.9
J18240372+ 0636258 35.743 9.080 8.602 2.545 5.657 18216+0634 10.10 0.256
J18243205− 0132065 28.484 5.278 4.988 0.818 4.530 18219-0133 3.76 −0.350
J18250570− 0032320 29.434 5.610 4.766 0.755 4.399 18225−0034 7.22 −0.323 99.1
J18253335+ 0856472 38.034 9.787 6.166 0.859 5.649 18231+0855 4.80 −0.145 −7.6
J18264298− 0024486 29.736 5.309 6.508 1.271 5.398 18241−0026 3.66 −0.142 124.9
J18270226− 0106095 29.158 4.921 3.553 1.516 2.090182444−0108 21.20 −0.453
J18274403+ 0025128 30.597 5.465 6.672 1.654 5.010 18251+0023 14.40 −0.105 99.8
J18275079+ 0752206 37.313 8.803 6.734 1.380 5.467 18254+0750 6.22 0.064
J18283699+ 0936501 38.980 9.404 6.089 0.820 5.628 18262+0934 4.50 −0.123
J18294430+ 0104534 31.418 5.321 5.382 1.166 4.423 18271+0102 5.76 0.091
J18295773+ 0114056 31.581 5.341 7.051 2.191 4.616 18274+0112 7.31 0.004
J18302847+ 0523383 35.369 7.111 5.160 1.121 4.266 18280+0521 12.10 −0.182 28.3
J18331997+ 0425410 34.824 6.041 4.748 0.852 4.241 18308+0423 4.88 −0.329 72.6
J18354242+ 0905384 39.291 7.605 5.874 1.021 5.124 18333+0903 8.25 −0.041 51.3
J18364611+ 0845469 39.110 7.223 5.306 1.001 4.585 18343+0843 4.45 −0.217 −9.8
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Table 3. (Continued.)
2MASS name l b K∗ H −K Kc IRAS F12 C12 v(SiO)♯
(◦) (◦) (Jy) (km s−1)
J18384242+ 0541298 36.564 5.416 5.345 0.989 4.641 18362+0538 3.94 −0.032 41.2
J18414435+ 0802164 39.010 5.799 6.551 0.791 6.132 18393+0759 3.41 −0.215
J18420916+ 0801180 39.042 5.700 4.923 0.812 4.474 18397+0758 8.27 −0.239 −96.8
J18421582+ 0731314 38.609 5.453 6.968 1.732 5.194 18398+0728 8.89 0.055
J18431907+ 0733137 38.752 5.232 6.396 1.123 5.499 18408+0730 8.22 −0.248
J18454767− 1148074 21.774 −4.118 4.843 0.929 4.225 18429−1151 6.25 −0.024 102.5
J18465164− 1157048 21.758 −4.418 8.119 1.928 6.063 18440−1200 5.47 −0.070
J18495300− 1104202 22.880 −4.683 6.355 0.886 5.799 18471−1107 3.09 −0.164
J18501116− 1007570 23.755 −4.326 5.492 0.818 5.034 18474−1011 3.07 0.015 50.9
J18512520+ 1202084 43.674 5.460 5.087 0.869 4.556 18490+1158 9.06 −0.024 35.7
J18523817+ 1733113 48.782 7.648 6.421 0.815 5.967 18504+1729 3.18 −0.267 96.8
J18524262− 0951445 24.278 −4.759 4.914 0.753 4.550 18499−0955 5.76 −0.344 108.0
J18530734− 1155310 22.472 −5.775 5.632 1.001 4.911 18503−1159 14.40 −0.246
J18530987− 1329244 21.068 −6.482 5.981 1.003 5.257 18503−1333 10.20 −0.199 86.1
J18550366− 1328438 21.284 −6.890 5.543 0.925 4.931 18522−1332 4.94 −0.117 28.0
J18554765− 1415207 20.661 −7.393 6.154 1.170 5.189 18529−1419 3.80 −0.006 83.3
J18562524− 0744227 26.594 −4.622 5.425 1.350 4.201 18537−0748 7.80 −0.026
J18572211− 0831208 25.998 −5.184 6.518 1.321 5.336 18546−0835 6.15 −0.004 47.6
J18572648+ 1349096 45.936 4.950 8.039 2.776 4.762 18551+1345 57.80 −0.261 76.2
J18574985+ 2031371 52.022 7.854 5.634 1.203 4.622 18556+2027 14.60 −0.358
J18575917+ 1413196 46.357 5.013 7.449 1.777 5.610 18556+1409 5.72 −0.090 86.4
J18594368− 0924127 25.469 −6.099 5.539 0.841 5.048 18569−0928 7.19 −0.233 40.6
J19004752− 0742491 27.106 −5.577 5.072 0.993 4.362 18580−0747 23.20 −0.140 84.7
J19010471− 1050004 24.330 −7.034 7.288 1.943 5.210 18582−1054 13.70 −0.047 28.2
J19010944+ 1538566 47.982 4.972 5.092 0.786 4.680 18588+1534 8.74 −0.372 24.2
J19012574− 0529398 29.167 −4.719 4.629 0.837 4.144 18587−0534 13.90 −0.214 87.3
J19020569− 1236483 22.830 −8.045 4.918 0.810 4.472 18593−1241 6.48 −0.145 −21.0
J19024407− 0611124 28.694 −5.321 5.444 0.761 5.068 19000−0615 6.18 −0.036 95.4
J19030151+ 1656312 49.343 5.155 6.797 0.949 6.150 19007+1652 4.30 −0.072
J19034074− 1409330 21.596 −9.068 6.465 1.130 5.558 19008−1414 6.15 −0.162
J19050061+ 2310298 55.161 7.529 4.800 0.778 4.400 19029+2305 6.41 −0.167 −22.0
J19054911− 1212243 23.604 −8.682 6.395 1.407 5.089 19030−1217 9.94 −0.132 −16.6
J19060940+ 1738007 50.302 4.801 7.520 2.093 5.226 19039+1733 3.92 −0.165
J19062416+ 1739313 50.351 4.760 5.891 0.858 5.375 19041+1734 6.30 −0.185
J19062439− 1509534 20.967 −10.099 6.576 1.254 5.490 19035−1514 3.82 −0.031 −48.3
J19074038− 0515161 30.087 −5.998 6.476 1.242 5.408 19050−0520 3.14 −0.045 99.0
J19085920− 1510032 21.237 −10.662 5.867 1.054 5.069 19061−1514 8.31 −0.108 46.7
J19090454+ 2939292 61.454 9.565 2.130 0.622 1.954 19071+2934 26.10 −0.207 −13.1
J19094939− 0804034 27.795 −7.736 5.058 0.908 4.470 19071−0808 6.79 −0.132 30.4
J19102783− 1541355 20.909 −11.209 5.746 0.777 5.347 19075−1546 3.79 −0.348
J19105141− 0328410 32.041 −5.903 6.061 0.905 5.478 19082−0333 5.54 −0.309
J19111079− 0227493 32.986 −5.514 6.493 1.251 5.412 19085−0232 3.46 −0.041 51.7
J19134664− 0326081 32.411 −6.533 5.068 0.833 4.588 19111−0331 8.63 −0.131
J19141725− 0850549 27.583 −9.072 4.819 0.803 4.383 19115−0856 6.25 −0.296
J19145484− 0225287 33.447 −6.328 8.125 1.988 5.982 19122−0230 9.29 0.304
J19173939− 1322488 23.802 −11.792 4.712 0.821 4.250 19148−1328 9.22 −0.201
J19181178− 0721437 29.367 −9.279 6.395 0.831 5.918 19155−0727 3.14 −0.225
J19182271− 0242108 33.593 −7.225 7.020 1.185 6.034 19157−0247 8.88 −0.093
J19211169+ 0320578 39.326 −5.071 6.519 1.626 4.898 19186+0315 15.50 0.088 −22.2
J19222258− 1418050 23.449 −13.221 5.598 1.400 4.302 19195−1423 8.78 0.170
J19233466+ 0037583 37.181 −6.855 5.395 0.778 4.995 19210+0032 5.96 −0.350 26.2
J19234517+ 7141137 103.152 23.178 2.836 0.989 2.132 19243+7135 48.50 −0.349 14.0
J19240522− 0722442 30.010 −10.595 4.897 0.776 4.500 19213−0728 8.75 −0.253 31.2
J19265373− 0104251 36.036 −8.376 5.682 1.000 4.962 19243−0110 9.73 −0.166
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Table 3. (Continued.)
2MASS name l b K∗ H −K Kc IRAS F12 C12 v(SiO)♯
(◦) (◦) (Jy) (km s−1)
J19340281+ 0926061 46.225 −5.022 6.822 1.347 5.602 19316+0919 6.06 −0.263 92.1
J19341153+ 1958285 55.483 0.036 4.004 0.771 3.614 19320+1951 27.40 −0.265 45.8
J19360670+ 0945041 46.748 −5.317 5.789 0.877 5.246 19337+0938 3.34 −0.199 17.4
J19410829+ 0202312 40.505 −10.086 6.011 1.058 5.207 19386+0155 17.40 0.435
J19433664+ 1049180 48.588 −6.412 7.929 1.570 6.388 19412+1042 3.89 −0.030
J19433804+ 1403158 51.421 −4.830 5.367 0.788 4.952 19413+1356 3.89 −0.262 28.4
J19444164+ 0513039 43.769 −9.360 4.806 0.751 4.445 19422+0505 5.33 −0.386 35.6
J19464724+ 1549014 53.336 −4.618 7.676 1.549 6.165 19445+1541 3.76 −0.098 56.8
J19483842+ 2759358 64.082 1.141 3.685 0.607 3.531 19466+2751 27.80 −0.011
J19492572+ 0231306 41.935 −11.683 7.208 0.790 6.790 19469+0223 4.79 −0.061
J19510953+ 1354375 52.207 −6.486 5.909 0.758 5.537 19488+1346 5.38 −0.154 40.2
J19542885+ 1943430 57.650 −4.222 5.547 1.555 4.028 19522+1935 29.30 −0.055 66.7
J19552508+ 0156036 42.133 −13.280 5.741 1.338 4.534 19528+0148 51.50 −0.164
J19553800− 0018428 40.121 −14.390 5.971 0.768 5.585 19530-0026 5.18 −0.313
J19554049+ 1805361 56.385 −5.302 6.059 1.312 4.890 19534+1757 5.29 0.101
J19595639+ 1151450 51.510 −9.366 5.159 0.774 4.764 19575+1143 10.20 −0.241
J20003856+ 1331331 53.048 −8.667 5.143 0.792 4.723 19583+1323 14.20 −0.192 −25.4
J20030250+ 0544166 46.496 −13.097 5.855 0.792 5.435 20005+0535 7.16 −0.112
J20042163+ 1748345 57.217 −7.216 4.771 0.821 4.309 20020+1739 8.51 −0.215 27.7
J20075461+ 1842544 58.441 −7.456 7.471 1.493 6.041 20056+1834 17.50 0.012
J20080544+ 1516428 55.511 −9.303 7.593 1.326 6.404 20057+1507 3.28 −0.194
J20120916+ 1116516 52.564 −12.232 6.824 1.793 4.962 20097+1107 6.47 0.005 −13.9
J20172312+ 1718459 58.463 −10.109 5.710 0.907 5.124 20151+1709 8.03 −0.237 5.1
J20292219+ 1311116 56.526 −14.779 4.939 0.900 4.363 20270+1301 7.86 −0.270 24.2
J20571628+ 0258445 51.363 −26.113 8.405 1.727 6.638 20547+0247 45.50 −0.129
∗ The 2MASS photometric uncertainties are about 0.2 mag for bright stars
with K < 4; see, http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2 2.html .
♯ ”v(SiO) is the average radial velocity of SiO maser lines.
Table 4. Candidates for the deviant motions (|b|> 3◦).
2MASS IRAS l b vLSR K H −K Kc F12 C12
name name (◦) (◦) (km s−1) (Jy)
J16254746+ 1853328† 16235+1900 35.35 40.35 −15.0 −0.63 1.09 −0.49 499.8 −0.44
J16524821+ 0524269∗ 16503+0529 23.69 28.78 −49.3 3.02 0.65 2.80 20.4 −0.28
J17071761+ 1710228 17050+1714 37.70 30.52 −76.6 3.06 0.54 3.00 7.6 −0.22
J17081033− 0220225 17055−0216 18.30 21.63 −40.6 6.21 1.11 5.34 6.4 −0.08
J17354000+ 1535122 17334+1537 38.98 23.63 −53.0 1.69 0.88 1.14 154.0 −0.18
J17364445+ 1051070∗ 17343+1052 34.42 21.45 −55.3 3.13 0.70 2.85 37.6 −0.36
J17450262− 0512365 17423−0511 20.49 12.23 −30.6 3.62 0.58 3.50 8.8 −0.30
J18024911− 0632355∗ 18001−0632 21.48 7.71 −38.8 5.47 0.87 4.94 4.5 −0.18
J18080907− 0649058∗ 18054−0649 21.87 6.42 −50.4 4.94 0.99 4.24 10.6 −0.12
J18105856+ 0753085∗ 18085+0752 35.44 12.56 −64.1 4.22 0.78 3.82 21.7 −0.22
J18163694+ 0341352† 18141+0340 32.26 9.43 −49.0 2.70 0.49 2.72 7.8 −0.43
J18364919− 1351561 18339−1354 18.94 −3.11 −36.9 3.60 0.59 3.47 13.8 −0.37
J18382111+ 0850030† 18359+0847 39.35 6.90 −57.0 −0.82 0.46 −0.76 409.0 −0.45
J18420916+ 0801180∗ 18397+0758 39.04 5.70 −96.8 4.92 0.81 4.47 8.3 −0.24
J18475335− 0919102 18450−0922 24.23 −3.45 −49.4 4.03 1.41 2.71 80.3 −0.14
J19062439− 1509534∗ 19035−1514 20.97 −10.10 −48.3 6.58 1.25 5.49 3.8 −0.03
J19222258− 1418050∗ 19195−1423 23.45 −13.22 −74.6 5.60 1.40 4.30 8.8 0.17
J19291840− 1916199 19263−1922 19.47 −16.78 −69.3 4.22 0.57 4.12 11.9 −0.19
J19310440− 1640135 19281−1646 22.12 −16.11 −69.5 5.05 1.09 4.21 24.7 −0.11
J20261323− 1347584 20234−1357 30.72 −27.14 −33.3 3.24 0.98 2.55 46.7 −0.02
∗ detection in this work.
† Hipparcos proper motion data exists.
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Table 5. Parameters used for the bar model
parameter value
rotational velocity of the LSR 220 km s−1
Galactocentric distance of the Sun 8 kpc
pattern speed of the bar 55 km s−1 kpc−1
angle between bar major axis and the Sun-GC line 30◦
radius of the corotation 4 kpc
radius of the outer Lindblad resonance 6.8 kpc
strength of the bar (ǫ/2) 0.025
bar damping constant 4.1 km s−1 kpc−1
Table 6. Observational results of H2O Masers.
2MASS name Ta Vlsr L.F. rms obs. date
(K) (km s−1) (K km s−1) (K) (yymmdd.d)
J12370691− 1731319 ... ... ... 0.066 090530
J12583891+ 2308215 1.967 26.5 3.077 0.117 090530
J15284369+ 0349430 1.683 44.7 1.472 0.102 090530
J16521876− 1830343 ... ... ... 0.094 090417
J17331391+ 0820390 ... ... ... 0.095 090417
J18080907− 0649050 0.345 −56.5 1.333 0.063 090417
J18155756+ 0120106 ... ... ... 0.065 090417
